Abstract. The present paper investigates the effectiveness of a bio-inspired semi-active con
INTRODUCTION
The Brain Emotional Learning (BEL) controller is a novel bio-inpired control model based on the emotional learning mechanism of the brain limbic system, which has been employed to develop feedback controllers for complex control problems [1] [2] [3] [4] [5] . Essentially the BEL controller comprises four main components, i.e, the amygdala (Am), the orbitofrontal cortex (OC), the sensory cortex (SC) and the thalamus (Th). The amygdala and the orbitofrontal cortex are used to process the emotional signal (SE) while the sensory cortex and the thalamus receives and processes sensory inputs (SI). Sensory inputs (SI) are processed in the thalamus initiating the process of response to stimuli and passing those signals to the amygdala and the sensory cortex. Then, the sensory cortex operates by distributing the incoming signals properly between the amygdala and the orbitofrontal cortex. In this controller, the learning procedure is mainly processed in the orbitofrontal cortex and is based on the difference between an expected punishment or reward and the received punishment or reward (Rew). The perceived punishment/reward (ES) is processed in the brain using learning mechanisms while the received punishment/reward represents an external input. If these signals are not identical, the orbitofronal cortex inhibits and restrains the emotional response for further learning. Otherwise, the controller generates an output response [1, 3] .
The BEL controller presents interesting features that can be exploited to design structural control systems for civil engineering applications. Thus, the following semi-active control system was developed based on this bio-inspired controller. The Simulink model of the BEL controller is depicted in Figure 1 . In this case the sensory input (SI) and the emotional signal (ES) can be related with the system response yd (interstory drifts in this case) and the BEL model output u, which are determined using the following equations (1) (2) where wi are weight factors that define the relative importance given to the drift response (z1=yd) and the output of the BEL controller (f=u). The sensory and emotional outputs are forwarded as the stimuli and the reward/punishment for the BEL controller, respectively. Finally, the BEL control block uses this information to construct a response (model output) that represents the control action.
The BEL algorithm can be also combined with a PID controller to improve the performance of the control system. The PID controller is integrated in the BEL controller as part of the emotional signal, i.e. where KP, KI, and KD are weight factors of the PID controller that must be carefully selected to obtain the desired performance [5] . The learning system of both amygdala (Am) and orbitofrontal cortex (OC) are based on internal weight adjusting rules defined by (4) (5) where α is the learning rate of the amygdala, β is the learning rate of the orbitofrontal cortex, ES and MO are the emotional signal and the model output, respectively. These learning rates represent model parameters that must be adjusted in accordance with the input variables (i.e., structural responses) to achieve the required control action.
The main drawback of the BEL controller is related essentially with the appropriate definition of emotional and sensory signals that are able to represent with sufficient precision the system state and the control objective in order to maximize the performance of the control system. There are numerous optimization methods available for tuning these parameters (e.g. genetic algorithms) although a common approach is to use a trial-and-error procedure.
NUMERICAL MODEL
Consider a semi-active controlled system subjected to an earthquake ground motion with a control force applied to the first mass (or the first DOF, x1) as illustrated in Figure 2 . The control force intends to reduce the response of the system and can be achieved placing an actuator between the base and the first mass. The damper force can be changed using a control system comprising a controller that monitors the system response and computes the required damping force that should be applied to the system changes the system response in order to improve its structural performance. An effective semi-active control involves an appropriate control algorithm that can take advantage of the dissipative properties of the control device. There are several approaches available in the literature to control semi-active devices (further information about semi-active control algorithms is provided in [7, 8] ). MR dampers are semi-active devices in the sense that they are passive actuators with adjustable properties, i.e., they operate by following the response of the system instead of working against the structure motion like in the case of active devices. Also, they cannot be directly controlled to generate a specific damper force because the damper response is dependent on the local motion of the structure where the device is located. A practical approach to control the MR damper it to adjust the voltage applied to the current driver to change the damper force. In this context, the following rules are used to design the control laws [8] :
i. The control voltage to the device is limited ranging between zero voltage input (passive OFF case) and the maximum value of the operating voltage/current Vmax (passive ON case);
ii. For a fixed set of states, the magnitude of the applied force increases and decreases when the voltage input increases and decreases, respectively.
As already has been stated, the structure is equipped with a passive control system comprising a MR damper (Lord RD-1005-03 model) located between the ground floor and the first floor which can operate in two modes: as a passive energy dissipation device and as a semi-active actuator whose control action is being commanded by a BEL based controller. In this case, the modified Bouc-Wen model was selected to simulate the behaviour of the MR damper. The numerical formulation and the corresponding model parameters are presented in Table 1 [9] . Besides, the first-order time lag involved in the current driver/electromagnet during a step command signal must be included in the numerical model of the device, which in this case is defined by a first order filter (η= 130 sec -1 ).
Modified Bouc-Wen model large velocities and x 0 is used to account for the effect of the accumulator. The scale and shape of the hysteresis loop can be adjusted by γ , β, A and n.
In order to accurately characterize the behaviour of MR dampers using the modified Bouc-Wen model given by equations (52)-(54), a set of ten constant parameters that relate the characteristic shape parameters to current excitation should be identified, and the set of parameters is as follows:
To obtain a model which is valid for varying magnetic field strengths, the parameters are assumed to be dependent on the applied current (I ), which is determined by the voltage (v)a pplied to the current driver. The proposed relationships between the parameters and the applied voltage are as follows:
linear relationship between the parameters and the applied voltage, which is given by
Current independent parameters In what follows, the results of the semi-active control system are compared with the uncontrolled, passive OFF and passive ON responses to evaluate the efficiency of each semi-active control scheme in reducing the structural response. The mass, damping and stiffness matrices of the model structure can be determined as (6) (7) (8) In this study, the structure will be subjected to the El-Centro ground motion (1940 N-S component with a peak acceleration of 3.42 m/s 2 ). Since the mechanical system seeks to represent a small-scale building, the earthquake signal needs to be decreased to represent the magnitude of displacements that would be observed in experiments tests. Thus, the time was scaled to 20% of the full-scale earthquake time history as shown in Figure 3 . The state space equation of motion is given by (9) where the column vector λ represents the location of the earthquake excitation (i.e., the seismic acceleration). Equation 1 can be written in a simplified form as (10) where matrix A represent the system matrix (11) and E is the disturbance locating vector given by (12) The response of the system can be computed using the state space output vector y(t)
If the system displacements, velocities and accelerations are required, then (14) The uncontrolled response is displayed in Figure 4 . It should be noted that the response was obtained with a high excitation level of the El Centro earthquake achieved by scaling up the amplitude of the earthquake signal in 150%. This modification in the excitation signal was used only to amplify the magnitude of the displacements making the system response more compatible with the operating range of the MR damper. The equation of motion of the controlled structure can be defined by a state space formulation as (15) where Bc is an additional matrix accounting for the position of the control forces in the structure and fc is a column vector with the control forces. The location of the control forces is defined by a location matrix Γ within Bc. In this case there is only one control force applied to the first mass and therefore, it follows that The response of the system can be determined using the state space output vector (20) where C is the same matrix of Equation 14, Dc comprising the control forces is (21) and the column vector F describing the location of the earthquake signal is given by (22) As for the state space equation, ẍg(t) represents the seismic excitation loading.
A new numerical simulation was carried out to obtain the response of the three DOF structure to the time-scale earthquake excitation (i.e., El Centro NS). The system response for the passive OFF case along with the maximum and minimum values of each output variable is displayed in Figure 5 and the damper behaviour is characterized in Figure 6 . Likewise, a numerical simulation was carried out to obtain the response of the three DOF structure to the time-scale earthquake excitation for the passive ON mode. The corresponding system response along with the maximum and minimum values of each output variable is displayed in Figure 7 and the damper behaviour is characterized in Figure 8 . The Simulink model of the semi-active control system based on the BEL controller is displayed in Figure 9 . As can be observed in this figure, interstory drifs of the building structure constitute the responses of the controlled system used by the BEL controller to determine the desired control force. Subsequently, the required control signal, i.e., the command current is determined from the predicted/desired control force using an inverse Bingham model of the MR damper.
The learning rates for the amygdala and orbitofrontal cortex were defined after a trial-anderror procedure and are computed to be α = 0.8 and β =0.5. Likewise, the sensory and the emotional outputs are determined by applying weight factors w1 =2, w2 =0.56, w3 =2 and w4 =0.85, which provide the best structural performance. The structural responses obtained with the BEL based semi-active control system along with the uncontrolled response of the third floor are displayed in Figure 10 . The peak responses of the uncontrolled and controlled systems are listed in Table 2 . The results show the effectiveness of the proposed bio-inspired controller in reducing the response of the structure.
As can be seen, the proposed semi-active control system achieves a good performance in reducing the structural responses using only floor displacements as the reference signals to compute the control action. In fact, the main advantage of the BEL based control system is that only interstory drift responses of the structure are required to determine the control action. This means that the damping force generated during the control process does not need to be monitored, as happens in other controllers such as the clipped-optimal algorithm. Obviously, the main drawback regarding the implementation of the BEL based control system is related with the optimization of the controller parameters.
It should be also noted that the combination of a BEL controller with other control techniques (e.g. PID control) is shown to be able to improve the overall performance of the resultant control system [5] . The damper force and the corresponding control signal are presented in Figure 11 . As can be observed, the control system uses a continuous control signal to command the MR damper. The hysteretic behaviour of the MR damper during the numerical simulation is portrayed in the force-displacement and force-velocity plots presented in Figure 12 . The proposed control system is capable to explore the dissipative nature of this type of actuators. 
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CONCLUSIONS
The present article addressed the non-linear hysteretic properties of MR dampers. An experimental testing procedure was carried out to characterize the response of a commercial MR damper and the experimental data were used to develop a numerical model. Some model parameters that must be initially found to construct a realistic numerical response. Thus, an identification routine was developed and the predicted response was compared with the experimental data. The results showed that the selected numerical model is capable to simulate the hysteretic behavior of the MR damper.
